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and oxidation ditch system. Network analysis found that 16 bacterial genera co-occurred
with tetW gene. Co-occurrence patterns were revealed distinct community interactions
between aerobic/anoxic/aerobic and oxidation ditch systems. The redundancy analysis
model plot of the bacterial community composition clearly demonstrated that the sludge
samples were significant differences among those from the different geographical areas,
and the shifts in bacterial community composition were correlated with ARGs. Together,
these findings from the present study will highlight the potential risks of ARGs and bacterial
populations carrying these ARGs, and enable the development of suitable technique to
control the dissemination of ARGs from WWTPs into aquatic environments.
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Introduction
Antibiotic contamination is becoming a challenging environmental problem globally, with contamination mainly coming
from wastewater associated with hospitals, households,
poultry farming, and pharmaceutical factories (Martínez,
2008; Yin et al., 2013; Czekalski et al., 2014). In recent decades,
antibiotics have been consumed in large quantities for
treating infectious diseases in humans, animals, and livestock
(Yin et al., 2013; Karkman et al., 2018; Klein et al., 2018).
Moreover, on a global scale, antibiotics that are consumed
eventually end up in wastewater, especially in developing
countries (Carvalho and Santos, 2016). Furthermore, antibiotic
residues in wastewater can trigger the propagation of
antibiotic-resistant bacteria (ARB) that harbor diverse antibiotic resistance genes (ARGs) and mobile genetic elements
(MGEs). For instance, the sulfonamide, tetracycline, and
integrase genes share common origin and spread within
their associated bacterial communities (Karkman et al.,
2018). To date, ARGs have been regarded as emerging
biological pollutants and have attracted worldwide attention
because they pose serious threats to human health and to the
ecological safety of receiving water bodies (Aminov and
Mackie, 2007). Therefore, it is urgent to characterize the
distribution of ARGs and the bacterial populations hosting
these ARGs in wastewater systems, enabling the development
of suitable technique to prevent the dissemination of ARGs
into the natural ecosystems.
Wastewater treatment plants (WWTPs) have been identified as engineering meeting places for the transfer of ARBs
and as important reservoirs for the accumulation of ARGs
(Karkman et al., 2018). In wastewater treatment systems, the
activated sludge serves as a favorable condition for ARB
growth and acts as the largest sink for ARG transformation
and dissemination (Mao et al., 2015; Hultman et al., 2018).
Previous studies have mainly focused on exploring ARGs in
WWTPs influents and effluents using qualitative polymerase
chain reaction (qPCR), and found that a higher concentration
of ARGs was present in the final effluents of different WWTPs
(Auerbach et al., 2007; Ben et al., 2017; Hultman et al., 2018).
Similarly, based on metagenomic sequencing data, Guo et al.
(2017) demonstrated that WWTPs are the hotspots for the
distribution of ARGs and MGEs, while specific bacterial genera
including Clostridium sp., and Nitrosomonas sp. potentially
carried multiple ARGs.
Geographically distributed WWTPs are reservoirs for
diverse ARGs across different spatial scales (Auerbach et al.,
2007; Ben et al., 2017). For instance, the abundance of ARGs in
five municipal WWTPs in Tunisia was reported by Rafraf et al.
(2016), suggesting that the activated sludge wastewater
treatment process could not efficiently reduce ARGs. Strikingly, the increased levels of ARGs discharged through the
effluents from WWTPs even after several physical–biological
treatments were released into the natural water bodies and
could adversely impact the survival of aquatic organisms (Chu
et al., 2018; Marti et al., 2018). However, Munck et al. (2015)
suggested that the WWTP effluents might have a small effect
on the overall resistant population in the environment.
Consequently, a comprehensive understanding of the
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abundance of ARGs in WWTPs is critical for robust risk
assessment and management of ARGs in wastewater
environments.
In China, antibiotic consumption increased 79%, from 2.3
to 4.2 billion defined daily doses between 2000 and 2015 (Klein
et al., 2018), while the percentage of antibiotics utilization
varied across different Chinese geographical regions (Yin et
al., 2013). For example, population in the eastern and
southern areas consumed more antibiotics than the western
and northern regions (Wushouer et al., 2017). More importantly, the ARG patterns in different WWTPs were also scaledependent. For instance, Chen and Zhang (2013) investigated
the occurrence of ARGs in WWTP engineering systems; the
abundance of ARGs exhibited significant spatial variation.
Similarly, Wen et al. (2016) evaluated the abundance of ARGs
in four WWTPs across small regional scales and found that
the regional consumption of antibiotics influenced the fate of
ARGs in WWTPs. However, evidence remains largely elusive
regarding the spatial patterns of activated sludge ARGs from
different WWTPs across larger continental scales.
Activated sludge is recognized as an important source of
ARGs and MGEs (Calero-Caceres et al., 2014). Furthermore,
bacterial communities associated with activated sludge of
WWTPs can host and spread various ARGs among bacterial
species through horizontal gene transfer (HGT) (Lekunberri
et al., 2017; Hultman et al., 2018; Korzeniewska and Harnisz,
2018). Variations in ARGs patterns are typically structured by
changes in bacterial community compositions given that
ARGs can be transferred from one bacterium to another
bacterium (Song et al., 2017; Jiao et al., 2017; Su et al., 2018).
Currently, studies evaluating the relationship between ARGs
and bacterial populations are largely based on network
analyses, which will provide new insights into the cooccurrence of ARGs, MGEs, and their potential bacterial hosts
(Li et al., 2015). In addition, co-occurrence network analysis
can also provide valuable knowledge about the interactions of
the bacterial community, which are crucial for evaluating and
maintaining the health of the activated sludge and increased
wastewater treatment efficiency (Li et al., 2015; Hu et al., 2016;
Guo et al., 2017). Nonetheless, co-occurrence profiles among
diverse ARGs and bacterial communities harbored in the
activated sludge of geographically distributed WWTPs have
not been extensively explored.
According to the review study of antibiotic consumption
and the prescribing patterns in different geographical regions
of China, antibiotics, such as tetracycline and sulfonamide
were extensively consumed from 2000 to 2012 (Yin et al.,
2013). During recent years, cephalosporins were the most
used antibiotics, followed by quinolones and penicillins (Qu et
al., 2018). The average total antibiotic consumption in China
was approximately 10 defined daily dose (DDD) per 1000
inhabitants per day in 2015 (Wushouer et al., 2017). Importantly, the antibiotic consumption proportions were distinct.
For instance, the southern areas consumed more antibiotics
than the northern areas, and the southeastern provinces used
the most antibiotics (Wushouer et al., 2017). The hypothesis of
the present work was that ARGs abundances and bacterial
communities in different WWTPs are shaped by geographical
distribution and treatment processes (e.g., aerobic/anoxic/
aerobic and oxidation ditch systems).
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To test this hypothesis, the general aim of the present
research was to determine ARG abundances and bacterial
communities associated with geographically distributed
WWTPs in nine provinces of China. The specific aims were
to (1) quantify the relative abundance of five ARGs (e.g., sul1,
sul2, tetW, tetQ, and tetX), and a class 1 integron (intI1) gene
using qPCR; (2) investigate the activated sludge bacterial
community using the Miseq sequencing; (3) unveil cooccurrence interactions between ARGs and the bacterial
community associated with 18 geographically distributed
WWTPs in China. The results from this article will shed new
lights on completely estimating the potential risks of ARGs
and understanding the inseparable interactions between
ARGs distribution and bacterial communities in activated
sludge of WWTPs on a national scale.

1. Materials and methods
1.1. Study areas and activated sludge sampling processes
A field survey was conducted, and typical areas located in the
southern, northern and eastern regions of China were
selected in the present work. In each WWTP, activated sludge
sampling was performed for 18 WWTPs across the 9 provinces
in China (Appendix A Table S1). Specifically, the tested
WWTPs were geographically located in Gansu Province
(Abbrev. LZ1, LZ2), Shaanxi Province (YL, HS, WW, BSQ),
Shanxi Province (TY1, TY2, TY3), Shandong Province (LC),
Tianjin City (TJ1, TJ2), Hubei Province (WH), Fujian Province
(XM1, XM2, SS, JJ), and Guangdong Province (GZ). Across the 18
WWTPs, an oxidation ditch process was operated in 4 WWTPs
including BSQ, LZ1, SS, and JJ, while the anaerobic/anoxic/
aerobic (A/A/O) process was applied in the other 14 WWTPs.
Oxidation ditches and A/A/O are popular wastewater treatment processes that exhibit different treatment operational
properties. For instance, oxidation ditch uses long solid
retention times to remove nutrients from wastewater (Ben et
al., 2017) while for A/A/O, total hydraulic retention time is the
lowest. Detailed information on WWTPs, including geographic location, type of wastewater, total population, and
gross domestic product (GDP), the values of wastewater
discharge (e.g., domestic and industrial wastewater), and the
number of hospital services for patients of the cities, is listed
in the supplementary materials (Appendix A Table S1). The
characteristics of wastewater quality were reported in our
previous study (Zhang et al., 2018a). Activated sludge sample
(40 mL) were collected in triplicate from the aeration tank in
each WWTP. Then, samples were transported in a cooler (8°C)
to the laboratory and centrifuged for 10 min at 12,000× g, and
the supernatant was discarded. Finally, the sedimentations
were then frozen at − 20°C for DNA extraction (Zhang et al.,
2018a).

1.2. Genomic DNA extraction and purification
Total microbial DNA was extracted from 1.0 g fresh activated
sludge using a DNA extraction kit for soil (Omega Bio-tek,
Norcross, GA, USA). Raw DNA samples were purified and then
checked by electrophoresis in 1.0% (W/V) agarose gel (Bio-Rad,

USA). The quality of the purified DNA sample was examined
using A260/A280 nm and A260/A230 nm ratios with a NanoDrop2000 spectrometer (Thermo Scientific, USA) (Zhang et al.,
2015, 2018b). Purified genomic DNA was stored at − 20°C for
quantifying the abundance of ARGs and determining the
bacterial community, as previously reported by Hultman et al.
(2018).

1.3. Antibiotic resistance genes abundance determination
To quantify the relative abundance of ARGs, sulfonamide
resistance genes (sul1 and sul2), tetracycline resistance genes
(tetW, tetQ, and tetX), and an integron integrase gene (intI1)
were examined by qPCR as described previously (Wen et al.,
2016; Qian et al., 2016; Rafraf et al., 2016). To eliminate the
variance caused by the difference in the background bacterial
abundance, the 16S rRNA gene was also quantified (Graham et
al., 2016). According to the studies conducted by Zhang et al.
(2017) and Rafraf et al. (2016), the qPCR reaction was
performed using an IQ5 thermal cycler system (Bio-Rad,
USA). The reaction mixture (20 μL) included the DNA template
(1 μL, 10 ng/μL), SYBR Green Mix Plus (10 μL) (Tiangen, Beijing,
China), primers (0.25 μL of each, 20 μmol/L), and ddH2O for
balance (8.5 μL, Millipore). Detailed information on the PCR
primers is summarized in supplementary materials (Appendix A Table S2). The following qPCR amplification program
was used: 15 min at 95°C, 39 cycles of 10 sec at 95 C, 20 sec at
the specific annealing temperatures described in the supplementary materials (Appendix A Table S2), and 30 sec at 72°C
for final extension. In addition, plasmids hosting the target
genes were used for construction of the standard curve (Li et
al., 2017). The melting curves were assessed, and the
amplification efficiencies ranged between 90% and 110%.
Sterile pure water (Millipore, USA) was employed as the
negative control. The relative abundance of ARGs was
calculated and expressed as ARGs copies/16S rRNA copies
(Zhang et al., 2017). The detection limitation of qPCR was 104
copies per gram activated sludge. All the qPCR experiments
were performed in triplicate (n = 3).

1.4. Miseq sequencing of 16S rRNA gene
The bacterial community structure was measured by using the
Illumina Miseq sequencing platform (Illumina Miseq 2 × 250
paired). The bacterial 16S rRNA gene v3–v4 region (~465
nucleotides) was amplified by a 9700 thermal cycler (ABI, Foster
City, CA, USA) using 338F and 806R primers (Wu et al., 2016). The
PCR mixture (20 μL) contained: 5 × FastPfu Buffer (4 μL), primers
(0.8 μL of each, 5 μmol/L), dNTPs (2 μL, 2.5 mmol/L), FastPfu
Polymerase (0.4 μL), DNA template (1 μL, 10 ng/μL), and was
balanced with ddH2O (Millipore). The PCR amplifying program
was as follows: 5 min at 95°C, 28 cycles × (30 sec at 96°C, 30 sec
at 56°C, and 50 sec at 72°C), and 10 min at 72°C for the final
extension. All PCR products were purified and the quality was
measured using a spectrophotometer (NanoDrop-2000, Thermo
Scientific, USA) (Sun et al., 2017). The pooled amplicon libraries
were sequenced by Shanghai Majorbio Bio Pharm Technology
Co., Ltd., Shanghai, China. All the sequencing data were
available through the NCBI-Sequence Read Archive (SRA)
database under accession no. SRP079084.
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1.5. Bioinformatics analysis
Raw sequences were processed by using QIIME (version 1.4.0,
http://qiime.sourceforge.net/) (Zhang et al., 2015, 2018a, 2018b,
2018c). Briefly, the reads with a length less than 200 bp were
removed and those reads with an average quality score less
than 25 were also removed. The singleton and low quality
sequences were discarded (Zhang et al., 2018a, 2018b, 2018c).
In addition, the chimeric sequences were filtered by the
UCHIME software package to obtain error-free reads (Edgar et
al., 2011). To normalize the sequencing depth across each
sample dataset, 18,391 good-quality sequences per sample
were employed for the following analysis at the same
sequencing depth. The diversity indices of bacterial community such as Chao1 (species richness), abundance-based
coverage estimator (ACE), Shannon diversity (H′), and
Simpson diversity (D) were determined based on the equations using the Mothur software packages (Schloss et al., 2009;
Zhang et al., 2015, 2018b, 2018d). The high-quality sequences
were then classified into bacterial operational taxonomic
units (OTUs) using the RDP (version 2.2, http://rdp.cme.msu.
edu, USA) classifier based on the SILVA database (Wang et al.,
2007). The most abundant bacterial community at the phylum
level was visualized using Circos software online (http://
circos.ca/). A heat map with a hierarchical clustering algorithm among the 100 most abundant OTUs (the taxa with
greater than a 0.5% of abundance) at the genus level was
generated using the R (https://www.r-project.org) software
package (version 3.3.1). To reveal the co-occurrence of the
bacterial genera and ARG type, network analysis was performed and individual nodes and interactions were calculated
(Guo et al., 2017; Zhang et al., 2018d). The networks of the
ARGs and the bacterial community were visualized by using a
Cytoscape (version 3.3.0), based on Spearman's correlation.
Correlations with significance (p < 0.05) that exhibited a
strong value (Spearman's correlation ρ-value >0.8) were
displayed in the network analysis (Hu et al., 2016; Zhang et
al., 2018d).

1.6. Statistical analysis
One-way analysis of variance was employed to compare the
relative abundance of ARGs among the different WWTPs,
followed by a Tukey HSD post hoc test (IBM SPSS version 20.0,
Chicago, IL, USA). A Pearson correlation analysis was applied
to calculate the relationship between the ARGs abundance
and the diversity indices of bacterial communities associated
with WWTPs. A pairwise comparison (between A/A/O and the
oxidation ditch systems) was performed using a pooled
variance t-test, and variance for both groups was also tested.
Linear discriminant analysis combined with Lefse was performed to reveal the bacterial taxa (at class level) differentially
observed between A/A/O and oxidation ditch systems. Among
different geographical regions (e.g., east, north, and south
regions, n = 6 in each region), based on the antibiotic
consumption data (Yin et al., 2013), east region represents
LC, TY1, TY2, TY3, TJ1, and TJ2. North represents LZ1, LZ2, YL,
BSQ, WW, and HS. South represents XM1, XM2, SS, JJ, WH, and
GZ. To assess the correlations between ARG factors and
bacterial communities, a constrained ordination technique
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was performed (Zhang et al., 2015, 2018b). Because the
analysis resulted in shorter segment lengths (< 1.0), a redundancy analysis (RDA) was employed to determine the five
ARGs and the intI1 gene that had a significant effect on the
structure of microbial communities using CANOCO 4.5
(Wageningen, the Netherlands) (Zhang et al., 2018a, 2018b,
2018d). Monte Carlo permutation (999 permutation) was
simultaneously conducted to evaluate statistical significances
at a p-value of <0.05 (Zhang et al., 2018d). RDA plots were
generated using the Cano Draw software package (version 4.0,
Biometrics, Wageningen, the Netherlands) (Zhang et al.,
2018b).

2. Results and discussion
2.1. Relative abundance of antibiotic resistance genes (ARGs)
In the present study, sul1, sul2, tetW, and intI1 were detected
in all WWTPs. As shown in Fig. 1, the sul1and sul2 genes
conferred resistance to sulfonamides and exhibited a higher
relative abundance that ranged from 1.29 × 10−3 to 7.56 × 10−1
and from 8.62 × 10−4 to 8.36 × 10−1 copies/16 rRNA gene
copies, respectively (Fig. 1A, B). These values were higher
than those of other aquaculture environments in China (Gao
et al., 2012). Increased abundance of sul in activated sludge
was observed given that the conventional wastewater
treatment process in WWTPs could not efficiently reduce
ARGs (Rafraf et al., 2016). The average relative abundance of
sul1 and sul2 genes were 2.08 × 10−1 and 1.32 × 10−1 copies/16
rRNA gene copies, respectively. Similar results were obtained
in wastewater effluents from Romanian hospitals, in which
sul1 exhibited a relative abundance ranging from 5.33 × 10−2
to 1.94 × 10−1 copies/16 rRNA gene copies (Szekeres et al.,
2017). In addition, a significant positive correlation was found
between the sul1and sul2 genes (r = 0.816, p < 0.01, n = 18).
This finding is consistent with observation of sul1 and sul2 in
swine manure in an experiment conducted by Zhang et al.
(2017). In particular, the highest relative abundance of the
integrase intI1 gene was found in SS with 6.08 × 10−1 copies/
16 rRNA gene copies, which was significant higher than that
of LC at 7.84 × 10−4 copies/16 rRNA gene copies (p < 0.01) (Fig.
1F). Interestingly, the enriched sulfonamides resistance
genes (sul1, r = 0.948, p < 0.01, n = 18; sul2, r = 0.875, p < 0.01,
n = 18) exhibited a significantly positive correlation with the
relative abundance of the intI1 gene, showing an increasing
mobility potential in the activated sludge given that intI1
plays an important role in the spreading and carrying of ARG
cassettes in Gram-negative bacteria (Betteridge et al., 2011).
This finding is congruent with Chen's finding that a
significant positive correlation was observed between the
gene copy numbers of sul1 and intI1 in the influents of
WWTPs (Chen and Zhang, 2013). Class 1 integrons have two
conserved regions as follows: (1) the 5′ region carries the intI1
gene with the recombination site (which is recognized by the
integrase) and (2) the 3′ region is not as well defined but
commonly carries a quaternary ammonium resistance gene
(qacEΔ1) and sul1.
Regarding tetracycline resistance (tet) genes, the relative
abundances of tetW, tetQ, and tetX genes are shown in Fig. 1C,
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Fig. 1 – The relative abundance of antibiotic resistance genes (sul1, sul2, tetW, tetQ and tetX) and intI1 gene in activated sludge
samples of 18 wastewater treatment plants (WWTPs). Abbreviations of different WWTPs are the same as in Table 1. ⁎p < 0.05
and ⁎⁎p < 0.01 represent significant differences among samples. Bars represent standard errors (n = 3).

D, E. The highest abundance of the tetW gene was found in
TY1 (8.44 × 10−3 copies/16 rRNA gene copies), which was
significantly different from XM1 (7.08 × 10−5 copies/16 rRNA
gene copies) and SS (9.22 × 10−5 copies/16 rRNA gene copies)
(p < 0.01). Pearson correlation analysis indicated an abundance of tetW and intI1 genes in 18 WWTPs, but this increase
was not correlated (r = 0.046, p = .885). Reagrding the tetQ
gene, YL exhibited the highest relative abundance with
1.03 × 10−4 copies/16 rRNA gene copies, followed by BSQ
(7.11 × 10−6 copies/16 rRNA gene copies) (Fig. 1D). The average
relative abundance of the tetX gene was 4.86 × 10−4 copies/16
rRNA gene copies. Furthermore, the tetX gene was not
detected in WW and LZ1. The relative abundance of the tet
genes (tetW, tetQ, and tetX) was significantly lower than the sul
and intI1 genes (p < 0.05), which was consistent with the
outcomes of sewage farms (Chessa et al., 2016). The average
relative abundances of sul1, sul2, tetX, and intI1 in south region
were 5.37, 5.02, 3.92, and 3.84-fold higher than that of the
north region (Appendix A Fig. S1 and Table S3). The most

likely reason for this geographic difference is that south
region has the highest population, domestic wastewater
discharge, GDP value, and number of hospitals (Appendix A
Table S1). Moreover, the average relative abundances of sul1,
sul2, tetX, and intI1 in the oxidation ditch system were 4.10-,
2.80-, 11.40-, and 4.31-fold higher than those of A/A/O,
respectively (Appendix A Fig. S2 and Table S3). Wang et al.
(2012) demonstrated that the activated sludge bacterial
community structure was influenced by different wastewater
treatment processes, including oxidation ditch, A/A/O, anoxic/aerobic (AO), and membrane bioreactor (MBR). Additionally, bacterial phylogeny can shape the resistome in activated
sludge (Szekeres et al., 2017). However, this result is not
consistent with Korzeniewska and Harnisz (2018), who
suggested that the abundance of ARGs was not different
among types of WWTPs processes using activated sludge
technology. In our study, a lower abundance ARGs was found
in the A/A/O system (Appendix A Fig. S2). The significant
increase in ARGs abundance was recently found in WWTP's
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Table 1 – Bacterial community diversity indices of activated sludge samples collected from eighteen wastewater treatment
plants (WWTPs).
WWTPs

0.97 level
Number of OTUs

YL

798

TY1

752

TY2

788

TY3

970

HS

290

WW

627

BSQ

840

GZ

532

XM1

414

LC

520

LZ2

882

LZ1

506

XM2

639

TJ2

688

TJ1

633

WH

433

SS

557

JJ

621

ACE

Chao 1

1039
(983,1112)
875
(841,922)
908
(875,953)
1114
(1077,1163)
353
(329,393)
755
(720,805)
983
(946,1032)
675
(634,732)
495
(468,535)
684
(639,746)
1038
(999,1091)
664
(619,728)
768
(732,817)
799
(766,845)
771
(732,824)
556
(518,611)
714
(671,774)
770
(729,826)

1001
(943,1082)
919
(863,1004)
914
(872,976)
1151
(1094,1234)
362
(328,424)
780
(729,857)
988
(941,1056)
677
(626,755)
502
(467,561)
687
(631,771)
1022
(978,1086)
668
(612,754)
767
(724,834)
817
(771,889)
810
(749,903)
560
(513,636)
753
(686,853)
786
(731,870)

Coverage

Shannon diversity index (H′)

Simpson diversity index (D)

0.993

3.60
(3.58,3.63)
4.94
(4.92,4.96)
4.98
(4.95,5)
5.57
(5.56,5.59)
3.57
(3.55,3.59)
3.99
(3.97,4.02)
5.21
(5.19,5.24)
3.76
(3.74,3.78)
2.82
(2.79,2.85)
3.08
(3.04,3.11)
4.87
(4.85,4.89)
3.8
(3.77,3.83)
4.03
(4.01,4.05)
4.91
(4.89,4.93)
3.67
(3.64,3.69)
3.31
(3.29,3.33)
3.50
(3.48,3.52)
3.90
(3.88,3.92)

0.1353
(0.1321,0.1386)
0.0206
(0.02,0.0212)
0.0334
(0.0319,0.0349)
0.009
(0.0088,0.0093)
0.0566
(0.0554,0.0577)
0.0644
(0.0626,0.0661)
0.0166
(0.016,0.0172)
0.0638
(0.0623,0.0654)
0.2363
(0.2311,0.2415)
0.1516
(0.1482,0.1549)
0.0408
(0.0393,0.0423)
0.1005
(0.0968,0.1042)
0.0649
(0.063,0.0667)
0.0187
(0.0182,0.0191)
0.1294
(0.126,0.1327)
0.0984
(0.0965,0.1004)
0.0988
(0.0964,0.1012)
0.0649
(0.0633,0.0664)

0.994
0.992
0.993
0.997
0.994
0.991
0.995
0.996
0.993
0.994
0.992
0.995
0.995
0.995
0.996
0.995
0.995

ACE: Abundance-based Coverage Estimator.

effluents from A/A/O system (Korzeniewska and Harnisz,
2018). ARGs genes in effluents can influence the increase in
their number in the receivers, such as rivers and lakes,
antibiotic resistance of environmental microorganisms will
increased. However, we did not detect ARGs in the effluents in
the present study. Taking together, these results clearly
revealed that different geographic distributions of ARG
abundances in the 18 WWTPs.

2.2. Diversity of activated sludge bacterial community
Based on the Illumina Miseq sequencing technology, 556,445
high-quality sequences with an average length of 442 bp were
generated after conducting sequence quality control across all
samples. As shown in Tables 1, 11,490 OTUs were generated.
Each sample had 30,913 sequences and 638 OTUs on average.
Based on a 97% cluster similarity, the rarefaction curves
showed a remarkable difference among the WWTPs (Appendix A Fig. S3). Interestingly, no significant difference in total
OTUs numbers was noted between the A/A/O and oxidation

ditch systems (p > .05), but the average OTUs of Proteobacteria
and Bacteroidetes were significantly higher in A/A/O than that
in the oxidation ditch system (p < 0.05) (Fig. 4A). The higher
OTUs numbers of Proteobacteria and Bacteroidetes in A/A/O
can be explained by the presence of aerobic/anaerobic zones,
which benefit the growth of Proteobacteria and Bacteroidates.
This result is similar to those obtained by Zhang et al. (2018a),
who demonstrated that Bacteroidetes was more abundant in
the aeration tank of A/A/O. One explanation for this distinction is that the activated sludge is a biological hotspot with
physicochemical properties that differ between A/A/O and
oxidation ditch systems. A similar study was performed by
Gonzalez-Martinez et al. (2016), revealing that the number of
OTUs and bacterial population diversity indices were higher
in conventional activated sludge (CAS) systems than that of
the Adsorption–Belebungsverfahren (AB) process. The most
important reason is that they have different sludge retention
time (SRT) and hydraulic retention time, and the longer SRT
can improve the interaction between organic carbon and
bacteria cell, increase the community diversity. Across the 18
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Fig. 2 – The correlation between the relative abundance of
tetW gene and Shannon diversity index (H′) of bacterial
communities associated with 18 WWTPs. Significant
correlation is calculated based on Pearson's correlation
analysis (n = 18).

WWTPs, TY3 had the highest OTUs (970), which was 3.34
times higher than that of HS. Simultaneously, TY3 also had
the highest richness (ACE = 1114, Chao1 = 1151), while HS had
the lowest (ACE = 353, Chao1 = 362). Regarding the Shannon
diversity index (H′), TY3 had the highest diversity (H′ = 5.57),
followed by BSQ (H′ = 5.21). The Simpson diversity index (D)
varied from 0.009 to 0.057. However, the coverage index
showed no significant difference among different WWTPs
(Table 1). Additionally, Pearson correlation analysis indicated
that the relative abundance of the tetW gene was significantly
correlated with the Shannon diversity index (H′) of the
bacterial community (r = 0.459, p = .028, n = 18) (Fig. 2). This
pattern indicated that the activated sludge bacteria were the
main host for tetW gene, and that the increased abundance of
tetW combined with the increased bacterial community
diversity. Collectively, these results strongly suggested the
distinct diversity and richness of bacterial populations harbored in the 18 WWTPs.

2.3. Composition of activated sludge bacterial community
In general, the bacterial OTUs were assigned into 14 phyla.
Acidobacteria, Chloroflexi, Actinobacteria, Bacteroidetes,
Firmicutes, Planctomycetes, Chlorobi, Saccharibacteria,
Verrucomicrobia, and Proteobacteria represent 10 total bacterial phylotypes that were common in the 18 WWTPs. Among
them, Proteobacteria had the largest dissimilarity contribution, comprising of approximately 47% of the OTUs across all
samples, followed by Bacteroidetes (30%) and Firmicutes (7%).
The less abundant phyla include Acidobacteria (2.2%) and
Chlorobi (1.2%) (Fig. 3). This finding is similar to the analytical
results for bacterial communities associated with four typical
WWTPs, in which Proteobacteria was the largest phylum,
while Bacteroidetes, Actinobacteria, and Firmicutes were the
subdominant phyla (Xia et al., 2010; Zhang et al., 2018b).
Moreover, a previous study also demonstrated that

Actinobacteria, Firmicutes, and Proteobacteria were important hosts of ARGs and integrons (Huerta et al., 2013; Mazel et
al., 2000).
At the class level, the most common taxonomic representation was that of Gammaproteobacteria (25%) and
Betaproteobacteria (24%), which were present at a high
average relative abundance in all samples. This result was
not consistent with a recent study concluding that
Betaproteobacteria was the largest class (Xu et al., 2018).
Novo et al. (2013) indicated that Gammaproteobacteria was
sensitive to various antibiotics in the effluent of WWTPs. In
addition, results indicated that the Flavobacteriia (18%) and
Cytophagia (13%) abundance were significantly higher in the
A/A/O system (p < 0.05), while Gammaproteobacteria (35%)
and Betaproteobacteria (26%) were dominant in the oxidation
ditch system (Fig. 4B). A previous study demonstrated that
Betaproteobacteria, Actinobacteria, and Chloroflexi were
common in activated sludge and accounted for more than
50% of all sequences (Muszyński et al., 2015). Zhang et al.
(2018a) recently revealed that the bacterial community in the
oxidation ditch was more stable than that of A/A/O and that
the activated sludge bacterial community could be shaped by
different wastewater treatment processes like A/A/O, oxidation ditch, and sequencing batch reactor (SBR). Meanwhile,
the linear discriminant analysis coupled with effect size
(Lefse) analysis identified the most differentially abundant
taxons between the A/A/O (Hyphomicrobiaceae) and oxidation
ditch
(Pseudomonadales)
systems
(Fig.
4A).
Hyphomicrobiaceae was also present in the 14 WWTPs in
China (Wang et al., 2012). Novo et al. (2013) demonstrated that
tetracyclines and sulfonamides presented positive correlations with Epsilonproteobacteria, but negative correlations
with Firmicutes and Gammaproteobacteria. As shown in
Fig. 5, the WWTPs had different bacterial communities at
class level across a continental scale. For YL, the majority
of bacterial sequences belonged to Cytophagia (41%),
Betaproteobacteria (19%), and Gammaproteobacteria (18%).
Much larger portions of the sequences (44%) were classified
into Flavobacteriia and Gammaproteobacteria (19%) in GZ. TJ2
presented Clostridia (18%) and Sphingobacteriia (12%). These
results are in accordance with a previous study (GonzalezMartinez et al., 2016) reporting that Flavobacteriia was the most
represented with a high relative abundance (38%). The phylogenetic profile of the bacterial lineages associated with the east,
north, and south regions of China was depicted using the Lefse
analysis (Appendix A Fig. S4). LefSe was conducted to obtain
deep insights into the changes of the identified bacterial taxa in
WWTPs located in different regions of China. Notably, the
Micrococcales was the dominant group in the south region and
the levels of Actinomycetales and Mollicutes were significantly
higher in the east compared with other regions (Appendix A Fig.
S4). Previous study suggested that Actinomycetales were
common hosts of ARGs and integron (Sun et al., 2016).
Anaerolineae and Verrucomicrobiae were significantly present
in the north. Lefse analysis features revealed geographic
patterns wherein the bacteria in the northern regions had
lower relationships in the southern regions (Appendix A Fig.
S4). Altogether, integrating the bacterial community datasets,
we inferred a class level of community shifts associated with
the geographical regions of China.
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Fig. 3 – Bacterial community compositions at phylum level in 18 WWTPs. Relative abundance occurred more than 1% in at least
one WWTPs. (A) Acidobacteria, (B) Actinobacteria, (C) Bacteroidetes, (D) Chlorobi, (E) Chloroflexi, (F) Firmicutes, (G)
Planctomycetes, (H) Proteobacteria, (I) Saccharibacteria, and (J) Verrucomicrobia.

The bacterial communities were the major factors driving
the distribution of ARGs (Zhou et al., 2017). The correlation
analysis consistently showed that the changes in the
abundances of ARGs were significantly correlated with the
several key communities at the class level. The abundance of
the tetQ gene was positively correlated with the relative
abundance of Acidobacteria, Bacteroidia. At the same time,
the abundance of sul2 was positively correlated with the
relative abundance of Bacilli (Appendix A Table S4). Previous
research conducted by Sun et al. (2016) also observed that
Bacilli had significant positive correlations with the relative
abundance of sul2 and intI1 genes. Moreover, the tetW gene

had a significantly positive correlation with the relative
abundance of Chlorobia, Ignavibacteria, and Negativicutes,
but a negative correlation with Betaproteobacteria. The
abundance of tetQ was negatively correlated with the relative
abundance of Flavobacteriia (Appendix A Table S4). These
results were consistent with the findings reported by Jia et al.
(2017), demonstrating that the ARGs alteration was significantly correlated with bacterial populations. Together, the
ARGs patterns were significantly correlated with bacterial
populations at the class level, revealing that the distribution
of ARGs was dramatically shaped by bacterial phylogenetic
compositions.
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Fig. 4 – (A) OTUs number and Lefse analysis of dominant phylum and (B) dominant bacterial communities associated with
anaerobic/anoxic/aerobic (A/A/O) and oxidation ditch systems of 18 wastewater treatment plants (WWTPs).

Fig. 5 – Bacterial community compositions at class level in 18 wastewater treatment plants (WWTPs). Abbreviations of different
WWTPs are the same as in Table 1.
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To establish a more detailed view on the bacterial community, Fig. 6 depicts the abundance of 100 major genera (>0.5% in
at least one sample). Flavobacterium sp. (13%) and Pseudomonas
sp. (8%) were abundant genera. Surprisingly, the floc-forming
Flavobacterium sp. is the most represented with high relative
abundances in LC (45%), TJ1 (29%), WH (22%), and WW (18%).
Notably, among the detectable denitrifying bacterial genera,
Nitrospira sp., Nitrosomonadaceae sp., Nitrosococcus sp., and
Nitrosomonas sp. were presented in TJ1, TJ2, and TJ3 at increased
levels (Appendix A Fig. S5). According to previous studies,
Nitrospira sp. and Pseudomonas sp. were core genera and have
been widely detected in other WWTPs (Zhang et al., 2018c).
Interestingly, typical ammonia-oxidizing bacterium named
Nitrosomonas sp. was found in the aerobic activated sludge of
WWTP might be potential host of multiple ARGs including
penA, vanHAc2, oqxBgb, dfrK, and vanR-F (Guo et al., 2017).
Horizontal gene transfer between bacterial species can occur
via Nitrosomonas sp. in the WWTP (Guo et al., 2017). A recent
report by Lepesova et al. (2018), found that Acinetobacter sp. and
Pseudomonas sp. were the mainly genera in the wastewater that
contained high concentrations of antibiotics, such as
azithromycin and clarithromycin. Based on the culturedependent experiment, Acinetobacter was also previously
reported as a potential reservoir for sulfonamide resistance
genes (sul) (Hoa et al., 2011), and most of them belonged to
sulfamethoxazole-resistant isolates. Acinetobacter are also
belonged to denitrifying bacteria.
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Additionally, to reveal the interaction within the activated
sludge bacterial communities across two wastewater treatment processes, we constructed a co-occurrence network at
the genus level. Deciphering the co-occurrence patterns
among the bacterial communities associated with A/A/O
and oxidation ditch could help predict potential bacterial
interactions. In the A/A/O system, the most densely
connected node acted as the “hub” (highly connected genera).
Brevundimonas sp. (degree = 6) co-occurred with Pedobacter
sp., Chryseobacterium sp., Comamonas sp., Archrobacter sp.,
Stenotrophomonas sp., and Dyadobacter sp. In addition, the
genera Janthinobacterium sp. also showed co-occurrence with
Dyadobacter sp., Caulobacter sp., Cohnella sp., Massilia sp., and
Exiguobacterium sp. (Fig. 7B). These results revealed that
these bacterial genera were favored in activated sludge of
the A/A/O system, and these bacteria may have shared the
same ecological niche or perhaps due to prey–predator
interaction. Conversely, Macellibacteroides sp. (degree = 7) and
Sedimentibacter sp. (degree = 6) were the most connected
nodes (keystone species) in the oxidation ditch system,
which play a vital role in maintaining the wastewater
treatment efficiency. These correlations could indicate the
potential interactions among the different bacterial taxa,
while bacterial interactions may contribute more to activated
sludge functions than to species diversity. Strikingly, bacterial
interactions (intra-taxon co-occurrence and inter-taxa coexclusion) in activated sludge should be determined by cell
biology and microphotography in the future.

2.4. Network analysis
Bacterial species are important carriers of diverse ARGs and
shifts in the bacterial community may lead to changes in the
abundance of ARGs. In this study, novel insights into the
potential bacteria hosts and resistance genes present in
activated sludge can be generated by network analysis. This
finding showed that the ARGs profile patterns significantly
correlated with the bacterial community structure (ρ > 0.8,
p < 0.05). The ARG-MGE co-occurrence with the phylogenetic
groups is shown in Fig. 7A. For example, 16 genera (e.g.,
Nitrospira sp., Leucobacter sp., Rhodobacter sp., etc.) co-occurred
with the tetW gene. Additionally, tetW was among the most
connected nodes, indicating its importance in the network.
This finding is consistent with studies elsewhere that showed
that Leucobacter sp. carried the tetW gene (Zhang et al., 2017).
The results of this study also suggest that Lactococcus sp.,
Paenibacillus sp., and Bacillus sp. are the potential hosts for the
intl1 gene. Moreover, the co-occurrence of sul1, sul2, and intl1
was detected in Paenibacillus sp.. The colocalization of three of
the genes (sul1, sul2, and intl1) was simultaneously observed
in Paenibacillus sp., while tetX, tetQ, and tetW were co localized
in Brooklawnia sp. (Fig. 7A). Of note, sul1 and sul2 exhibited
significant correlations with the abundance of intl1 (p < 0.05).
In agreement with Zhang et al. (2017), in this study, we
suggested that intl1 was implicated in the propagation of sul1
and sul2 because HGT might play a vital role in the spread of
ARGs. Network results could not confirm that bacterial genera
were hosts of resistance genes, but they potentially carried
multiple ARGs. The mechanisms underlying the detailed
relationship between ARGs and dominated bacterial species
of WWTPs deserve further research.

2.5. Links between bacterial community and antibiotic resistance genes (ARGs)
Additionally, the redundancy analysis (RDA) model and a
Monte Carlo permutation test were applied to simultaneously
investigate the relationships among the five ARGs, the
integrase intI1 gene and the bacterial community compositions. Associations between the bacterial groups and ARGs
were evaluated using the ARGs data as the explanatory matrix
(Fig. 8). RDA 1 and RDA2 explained 63.4% of the total variance
(p < 0.01), and sul1, sul2, txtX, txtW, txtQ, and intl1 genes served
as significant explanatory variables. The RDA plot of the
bacterial community composition also clearly showed that
the sludge samples showed significant differences among
those from different geographical areas (Fig. 8), and that the
shifts in the activated sludge bacterial community composition correlated with the ARGs. Interestingly, in some cases
there are bigger differences within the same province than
between the geographical clusters East, South and North.
Such as WW, YL, BSQ. Wastewater characteristics (e.g.,
industrial wastewater contribution and inorganic nitrogen
concentration) and operation mode drive the significant shifts
of bacterial communities among these WWTPs. However,
previous study suggested that WWTPs bacterial community
was depended on the temperature (Zhang et al., 2012). It is
therefore that he different communities in different WWTPs
could be due to several possible reasons, such as geographical
locations, concentration and types of organic nitrogen and
carbon, temperature. The combination of these five ARGs and
intl1 revealed a significant correlation with bacterial community profiles. Thus, the changes in the bacterial community
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Fig. 6 – Heat map showing the distribution of dominant phylotypes in 18 wastewater treatment plants (WWTPs) at genus level.
The relative abundance (%) for the bacterial genera are depicted by the color intensity, and the color key is at the bottom.
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Fig. 7 – (A) Network analysis representing the co-occurrence patterns among bacterial taxa and antibiotic resistance genes
variables. (B) Network analysis of the bacterial genera associated with anaerobic/anoxic/aerobic and oxidation ditch systems of
18 wastewater treatment plants (WWTPs).

may drive the variations in the ARGs. RDA indicated that the
tetX gene played an important role in the bacterial community
shifts in TJ1 and YL (p < 0.05, for each of them). The activated
sludge collected from the distant regions exhibited a more
different bacterial community structure than those collected
in close proximity to each other. In the third quadrant, XM1,
XM2, and SS had similar bacterial communities, and sul1, sul2,
and intl1 genes were strongly related with bacterial community structure, suggesting that the transformation of ARG
might trigger the conformation of unique bacterial communities. The most important reason was that these three WWTPs
were located in the same province, and exhibited unique
wastewater compositions and antibiotics (Zhang et al., 2012).
Further works, involving other different WWTPs may enhance
our understanding to explore this complex relationship.

Similarly, Tao et al. (2016) determined the relationship
between ARGs and the bacterial communities in the sludge of
pharmaceutical wastewater treatment bioreactor, and found
that seven bacterial genera were significantly correlated with
the ARG types, suggested bacterial community, and MGEs that
shaped the profiles of ARGs. Here, we profiled activated sludge
ARGs from 18 WWTPs in different regions of China, and
determined their relationship with bacterial communities. The
ARGs we examined were clinically relevant, globally distributed,
and intensively consumed. Given the growing problem of
antibiotic resistance, and to thoroughly explore diverse ARGs
profiles in WWTPs, high-throughput qPCR should be used to
comprehensively quantify the extensive numbers of ARGs
(Wang et al., 2014). Furthermore, co-occurrence networks were
widely used to visualize the co-occurrence patterns among
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